Post-translational modifications (PTMs) regulate many aspects of protein function and are indispensable for the spatio-temporal regulation of cellular processes. The proteome-wide identification of PTM targets has made significant progress in recent years, as has the characterization of their writers, readers, modifiers and erasers. One of the most elusive PTMs is poly(ADP-ribosyl)ation (PARylation), a nucleic acid-like PTM involved in chromatin dynamics, genome stability maintenance, transcription, cell metabolism and development. In this article, we provide an overview on our current understanding of the writers of this modification and their targets, as well as the enzymes that degrade and thereby modify and erase poly(ADP-ribose) (PAR). Since many cellular functions of PARylation are exerted through dynamic interactions of PAR-binding proteins with PAR, we discuss the readers of this modification and provide a synthesis of recent findings, which suggest that multiple structurally highly diverse reader modules, ranging from completely folded PAR-binding domains to intrinsically disordered sequence stretches, evolved as PAR effectors to carry out specific cellular functions.
INTRODUCTION
Much of the complexity observed at the proteome level is due to post-translational modifications (PTMs) of proteins. PTMs can regulate all major aspects of protein function, including protein localization, interactions, protein stability and enzymatic activities. When considering proteins as the workhorses of a cell, PTMs could be seen as the equestrians that guide all efforts into the right direction. This direction might change over time, in particular when cells have to respond to internal and external cues, and most PTMs therefore do not constitute stable protein changes, but instead provide a means to dynamically regulate protein functions. This is due to the reversibility of most PTMs, and specific enzymes have evolved to antagonistically regulate PTMs by removing modifications from their target proteins. Thus, the interplay between the enzymes that covalently attach PTMs onto proteins, i.e. the writers, and the enzymes that revert these reactions, i.e. the erasers, determines the extent of protein modifications at any given point in time. Adding to this complexity, several PTMs can be modified themselves, and we are only beginning to understand how such modifications of PTMs contribute to the regulation of protein function. An important feature of many PTMs is that they can be recognized by specific protein domains, which thereby act as readers of PTMs, and the identification and characterization of such readers has become as pressing as the identification of PTM targets themselves. Moreover, in many cases reader proteins interact only transiently with their targets, and capturing these dynamics is important if we want to understand how PTMs and their binding partners regulate cellular functions.
Poly(ADP-ribosyl)ation (PARylation) is a PTM that has attracted considerable attention over the last decades due to its manifold cellular functions and the recently uncovered promises associated with its inhibition in cancer therapy. PARylation is defined by the successive conjugation of ADP-ribosyl units derived from NAD + to generate polymeric ADP-ribose chains (1) (2) (3) . Consequently, PARylation is significantly different from other typical PTMs in that it is neither a small moiety modification, such as phosphorylation, acetylation or methylation, nor does it represent a polypeptide PTM such as ubiquitylation or sumoylation. Rather, PARylation is characterized by the extensive conjugation of identical molecular building blocks, i.e. ADP-ribosyl units, which together form long and highly negatively charged linear or branched polymers. Despite these differences, PARylation shares many features with other PTMs: its formation relies on writers, i.e. enzymes capable of synthesizing ADP-ribose chains, and it is reversible, with modifiers and erasers working together to degrade poly(ADP-ribose) (PAR) chains (4) . Moreover, several readers of PAR chains have been identified in recent years, and the structural diversity within this growing family of PAR-binding domains suggest that PAR can function as a versatile scaffold that dynamically regulates intracellular protein assembly.
In this article, we discuss recent developments that shed new light onto the multiple cellular functions of PAR and the enzymes involved in its generation and turnover. We then focus on PAR-binding modules, the readers of poly(ADP-ribose), and highlight how their structural and functional diversity makes them fit for purpose. Specifically, we discuss how the structural complexity of PAR itself is matched by the high degree of structural diversity found in its readers, ranging from completely folded PAR-binding domains to intrinsically disordered sequence stretches that make multivalent interactions with PAR and can phase separate to dynamically compartmentalize the intracellular space. As a unifying theme, we propose that the different modes of interaction are tightly linked to the functional consequences of PAR binding, and we discuss the implications for cellular PAR functions and their relevance for human disease.
Poly(ADP-ribosyl)ation
The first discovery of poly(ADP-ribosyl)ation was made by Chambon and colleagues more than 50 years ago (5) . Interestingly, the polymer identified by Chambon and coworkers was initially assumed to resemble polyadenylic acid and was only later found to constitute a PTM rather than the product of an RNA polymerase. Nevertheless, the similarities between PAR and nucleic acids remain striking, and consequently the enzymes responsible for PAR formation were later called PAR polymerases (PARPs). PARP enzymes use nicotinamide adenine dinucleotide (NAD + ) as their substrate, which they cleave into ADP-ribose and nicotinamide (NAM) (6) . While the ADP-ribosyl moiety is covalently attached onto target proteins, NAM gets released. For PAR chains to be generated, additional NAD + molecules have to be cleaved and the resulting ADP-ribosyl units have to be attached onto already existing ones. Thus, sequential reaction cycles are needed to transform mono-ADP-ribose into oligo(ADP-ribose) and eventually into poly(ADP-ribose) (7). The resulting polymer, which can be both linear and branched, is highly anionic due to two negative charges associated with each ADP-ribosyl moiety. The negative charge is one of the features shared between PAR chains and nucleic acids, which contain one (single stranded RNA) or two (double-stranded DNA) negative charges per unit. PAR synthesis is tightly controlled in mammalian cells with steady-state levels being kept relatively low. Certain stimuli such as genotoxic stress or transcriptional activity can activate PARP enzymes, resulting in a rapid increase in PAR levels (7) . PAR synthesis is transient, however, and PAR chains are efficiently removed by PAR degrading enzymes (8) , exemplifying how the regulated interplay between writers and erasers dynamically controls the extent and duration of this PTM.
PAR polymerases and their cellular functions
At least eighteen proteins exist in human cells with a catalytic domain similar to the one present in PARP1, the first enzyme identified to synthesize PAR. However, not all of these proteins seem to be active or capable of generating PAR chains (8, 9) . Consequently, it has been proposed to rename the PARP protein family and refer to this class of proteins collectively as ADP-ribosyltransferases of the diphtheria toxin-like type (ARTDs) ( Table 1) (10) . Within this class, only four proteins have well documented PARylation activity: PARP1, PARP2 and the two tankyrases (8) (9) (10) . The other family members include mono-ADPribosyltransferases as well as ARTD-like proteins without measurable enzymatic activity, and their emerging cellular functions have recently been covered elsewhere (7) (8) (9) (10) (11) .
PAR synthesis can be observed under a variety of cellular conditions, most prominently under conditions of cell stress. Genotoxic stress in particular causes a rapid and pronounced increase in PAR levels, and PARylation has thus been studied mostly in the context of DNA damage signaling and repair (12) . However, more recently also other functions of PARylation have emerged, including roles in DNA replication, transcription and RNA processing (13, 14) . Deregulated PAR homeostasis can thus impact cellular differentiation, embryonic development, inflammation, cellular metabolism, cancer development and aging (6) (7) (8) (9) . While PARP1 is responsible for most of the PAR synthesis observed in mammalian cells, PARP2 is also involved in several PAR-dependent functions and may have at least in part overlapping functions with PARP1, a notion that is supported by the embryonic lethality of mice lacking both enzymes and the elevated genomic instability observed in double-deficient embryonic fibroblasts (15) . Thus, both PARP1 and PARP2 have important functions in the maintenance of genome integrity (16) . Besides PARP1 and PARP2, also PARP3 plays important roles in the repair of DNA damage, although its capability to generate PAR has remained controversial (16) (17) (18) (19) (20) (21) .
The tankyrases, first identified as telomere-associated proteins (22) , generate linear PAR chains of up to 20 ADPribosyl units (23) . They function in spindle formation during mitosis (24) , control centrosome function (25, 26) , regulate proteasome assembly and protein turnover to tune Wnt/␤-catenin, PTEN-AKT and Hippo signaling, (27) (28) (29) (30) (31) , and their regulation of protein stability has been implicated in the inflammatory bone destruction observed in Cherubism (32, 33) .
While all writers of PAR generate the same anionic nucleic acid-like molecule, the cellular context in which the different PAR writers are activated can determine the extent of PARylation (chain length, branching complexity) and which proteins are targeted, providing a means for specific regulation of various cellular functions by PARylation.
Cellular targets of poly(ADP-ribosyl)ation
Due to the polydisperse and labile nature of PAR chains, its structural complexity and rapid turnover in cells, it has been difficult to unambiguously identify cellular targets of this modification by mass spectrometry-based proteomics. However, in recent years significant technological progress has been made and various PAR enrichment strategies have been established to identify PAR-associated proteins and map PAR acceptor sites (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . This has led to the discovery that a plethora of nuclear proteins associates with PAR, including many DNA repair factors, chromatin remodelers, cell cycle regulators, RNA-binding proteins and transcription factors (42) (43) (44) (45) . Many of these proteins are likely to both interact non-covalently with PAR and to be targeted by covalent PARylation. The ever increasing number of PARylation targets is remarkable, as is the emerging diversity in PAR acceptor sites: lysine, arginine, glutamate, aspartate, cysteine, diphthamide, serine, threonine, phosphoserine and asparagine have all been identified as residues targeted by ADP-ribosylation, with the charged amino acids lysine, arginine, glutamate and aspartate being the ones most commonly targeted by covalent PARylation (9, 40) . This raises questions about the specificity of PAR attachment onto acceptor proteins and about the target amino acid preference. Given that the rate-limiting step for PAR formation is the enzymatic cleavage of NAD + during the initiation reaction, one possibility could be that the subsequent attachment of ADP-ribose onto target proteins is favored by the availability of suitable amino acids on the exposed surface areas of proteins associated with or in the vicinity of activated PARP enzymes. In such a scenario, PARylation would comprise the context-dependent activation of PARP enzymes, the ensuing nucleophilic attack of the substrate NAD + , as well as the attachment of ADP-ribose moieties onto available acceptor amino acids or onto growing PAR chains. While clearly distinct from non-enzymatic ADP-ribosylation this mechanism might explain the multitude of target proteins and acceptor amino acids identified to date, including the large number of acceptor sites found on PARP1 itself (18, (37) (38) (39) 45) . Similar to the synergistic protein group modification employed by the SUMO system in response to DNA damage (46) , the specificity of the system would be derived from locally confined activation of the enzymes rather than from the site-specific modification of target proteins. In analogy to the SUMO concept (46) , PAR might thus act as a molecular glue to enhance protein residence times and interactions. Of note, and consistent with such a model, PARP1 is the major acceptor of its own reaction product, and it could be that PARP1, but also other non-diffusible, chromatin-associated PAR acceptors such as the histones, primarily serve as a matrix for the PAR scaffold, which can then exert many of its functions by non-covalent interactions with PAR-binding proteins. Such a model is not mutually exclusive with specific functions of certain PAR acceptor sites, and further work is needed to dissect target site specificity and the functional consequences of site-specific PARylation.
Readers of poly(ADP-ribose) and their functions
The recent advancements in proteome-wide analyses of the cellular PARylome provide a hitherto unsurpassed opportunity to globally assess the relative contribution of PARP enzymes for PARylation in different cellular conditions and to identify their targets. This avenue will be particularly fruitful if combined with cellular assays to determine the functional role of PARylation sites in acceptor proteins. But already now, PAR proteomics has tremendously broadened our knowledge on PAR-associated proteins and thus provides a basis to better understand how PAR can exert its many biological functions. Hundreds of proteins interact directly or indirectly with PAR (42, 43) , and localized PAR formation can thus have profound effects on subcellular protein re-distribution and thereby influence many different signaling pathways, including the DNA damage response, transcriptional regulation, protein stability, cell fate decisions and cell death (47) (48) (49) (50) . Over the last years, several PAR-binding modules have been described (Figure 1 ), and their structural properties range from completely folded PAR-binding domains to disordered sequence stretches that can make multivalent interactions with PAR (Table 2 ). In light of this growing complexity, unifying models can carve out the essence of how proteins read the PAR signal and how the different PAR readers evolved to appear designed to be fit for purpose.
The basic PAR-binding motif (PBM).
The first reader module of PAR was described already 15 years ago as a loosely defined 20 amino acid cluster of hydrophobic amino acids spaced by basic residues (51). Following the original discovery of the PBM, a more recent in silico analysis revealed that more than 800 proteins contain this motif (42) . Even a refined search using a more stringent motif based on experimentally derived interaction data still yielded over 500 predicted hits, suggesting that a sizable fraction of the proteome, including several DNA replication and repair proteins, cell cycle regulators, chromatin modifiers and RNA binding proteins, are able to directly interact with PAR (42) . Structural data on the PBM and its interaction with PAR are not available and its affinity to PAR is likely due to electrostatic interactions between the positively charged amino acids present in the PBM consensus (
) and the negatively charged PAR chains. Nevertheless, these interactions can reach relatively high affinities with K D values in the sub-micromolar (10 −7 ) to nanomolar (10 −9 ) range (47), in particular when multiple PBMs within the same protein cooperate to bind long PAR chains. Given the large number of proteins containing the PBM consensus, the function of this PAR reading module might go well beyond the recruitment of just a few specific factors to sites of PAR formation, for instance at genomic lesions, and it could be that the collective or protein group assembly at PARylation sites fosters mutual interactions within multi-protein complexes that make specific reactions more efficient. Multivalent interactions with long chains of PAR may both increase affinity and specificity (52) (53) (54) (55) , and several nuclear proteins contain not just one but multiple PBMs (42, 51) , which may cooperate in their binding to PAR chains. Thus, the PBM seems to have evolved as a versatile PAR-reading module capable of dynamically interacting with PAR chains in a manner that takes polymer length and branching complexity into account to drive multi-protein assemblies at PARylation sites.
The PAR-binding zinc finger (PBZ).
In 2008, a Cys 2 -His 2 type zinc finger motif with PAR-binding properties was identified in the two DNA damage responsive proteins APLF (aprataxin and PNK-like factor) and CHFR (checkpoint with forkhead and ring finger domains) (56) . The structure of this relatively small motif of less than 30 amino acids with the consensus se-
-X-H was solved two years later (57) (58) (59) (60) . The biochemical and structural evidence suggests that two consecutive ADP-ribose moieties within the PAR chain are bound by the PBZ (59, 60) . Interestingly, and in contrast to the single PBZ present in CHFR, APLF contains a tandem PBZ, and the two zinc finger Currently known PAR reader modules are listed together with their structural features, interaction mode with PAR, and main functions associated with PAR-binding. Examples and key references are provided. Notably, several proteins contain multiple PAR-binding modules, i.e. have a modular organization that combines multiple PAR reader domains within the same polypeptide chain (e.g. RRM, RG/RGG and PBM), which may cooperate for PAR binding.
motifs cooperate to achieve high affinity PAR binding (59, 60) . Besides APLF and CHFR a third human protein, SNM1A/DCLRE1A (DNA cross-link repair 1A protein), contains a PBZ (56) . However, compared to APLF and CHFR, the PBZ of SNM1A/DCLRE1 lacks critical PARbinding residues, suggesting that it may not bind to PAR (58) . Thus, only two proteins in the human proteome seem to have acquired high affinity PAR-binding zinc fingers, and their cellular functions are closely linked to PAR induction: the recruitment of APLF to sites of DNA damage to promote repair by non-homologous end-joining (NHEJ) is critically dependent on PAR formation and on the tandem PBZ (20, 61) , while similarly the CHFR-dependent antephase checkpoint is dependent on PAR synthesis and an intact PBZ (56, 58) . The PBZ thus represents a highly specialized PAR reader module, which is present in only very few proteins and specifically regulates their functions in the DNA damage response and cell cycle regulation. In addition to the canonical PBZ, a putative variation of the PBZ motif was recently identified in the checkpoint kinase CHK1, and shown to confer affinity to PAR (62) . Potentially, other hitherto unknown variations of the PBZ might exist and their PAR-binding potential remains to be tested.
Macrodomains. In contrast to PBM and PBZ, macrodomains are sizable, globular reader modules containing between 130 and 190 amino acids. Macrodomains bind to various molecules that comprise ADP-ribose as component, including O-acetyl-ADP-ribose, mono-and also poly(ADP-ribose) (63) (64) (65) . It should be noted, however, that based on structural data macrodomains interact only with the terminal ADP-ribose moiety of the PAR chain (65) . This suggests that macrodomains for which PAR binding has been observed could be considered mono-ADP-ribose readers that acquired the property to also recognize the terminal ADP-ribose unit in PAR. The experimentally derived affinities to ADP-ribose reach K D values in the sub-micromolar range (10 −7 ) (47). A comprehensive understanding of the potential interplay between different ADP-ribose-containing molecules and macrodomain-containing ADP-ribose readers in vivo is still missing. Based on amino acid sequence comparison, 11 human proteins contain a macrodomain, including the PARP/ARTD family members PARP9, PARP14 and PARP15, the histone variants macroH2A1.1, macroH2A1.2 and macroH2A2, as well as macroD1/MDO1, macroD2/MDO2, C6orf130/TARG, ALC1/CHD1L and GDAP2. Interestingly, the macrodomain-containing PARP/ARTD family members contain two (PARP9, PARP15) or even three consecutive macrodomains (PARP14) (66) . Not all macrodomains identified seem to be able to bind to PAR, but some of the ones that are able to recognize PAR have even acquired catalytic activity and participate in the degradation of PAR (8) . Thus, relatively subtle sequence variations within the macrodomain fold can transform this module from a non-PAR-binder to a high affinity PAR reader, and even to an ADP-ribose eraser--a unique feature among the growing number of PAR readers (see below).
WWE domains. The WWE domain, named after its most conserved amino acids tryptophan (W) and glutamate (E), is found in 12 human proteins. Interestingly, these PAR readers are present in only two classes of proteins: PARP/ARTD family members themselves, and ubiquitin ligases (67) . The presence of both WWE domains and macrodomains in several PARP/ARTD family members suggests an intriguing and largely unexplored interplay between writing and reading the PAR signal. In this regard, it is noteworthy that within the PARP/ARTD family a clear separation into PAR writers and readers seems to exist, because macro-and WWE domains are present only in family members that do not synthesize PAR, and they are absent from the PAR generating enzymes PARP1, PARP2, PARP5A and PARP5B. Unlike macrodomains, the WWE domains interact with iso-ADP-ribose, a structure comprising parts of two consecutive ADP-ribosyl units within the PAR chain (67) . Consistent with a binding preference for iso-ADP-ribose, the experimentally derived K D values are relatively low for ADP-ribose (in the millimolar range), but reach sub-micromolar values (10 −7 ) for iso-ADP-ribose (47) . Four residues of the WWE domain are crucial for the interaction with iso-ADP-ribose and these are conserved in PARP11, PARP13 and the first WWE of PARP12, but neither in the second WWE of PARP12, nor in PARP7, or PARP14 (67). Thus, similar to the macrodomains, not all WWE domains seem to possess PAR-binding potential. The four residues crucial for PAR binding are also present in the WWE domains of several ubiquitin E3 ligases, including RNF146/Iduna, HUWE1/Mule, TRIP12/ULF, and Deltex1, Deltex2 and Deltex4. In contrast to the poorly understood role of WWE-mediated PAR reading by members of the PARP/ARTD family, a clear functional link has been established between PAR binding and ubiquitin ligase activity. The best-studied example is the E3 ligase RNF146/Iduna, which catalyzes PAR-dependent ubiquitylation of target proteins to mediate their proteasomal degradation (67, 68) . In this case, PAR-recognition on target proteins by the WWE domain is a prerequisite for their ubiquitylation. PAR-dependent ubiquitylation is thus reminiscent of the SUMO-dependent ubiquitylation that is carried out by SUMO-targeted ubiquitin ligases (STUbLs) (69) . Interestingly, PAR-dependent ubiquitylation is employed both by the cellular response to DNA damage, where PARP1 mediates the PARylation required for RNF146/Iduna targeting (68) , and in Wnt/␤-catenin signaling, where the tankyrases PARylate the protein axin to allow for its recognition by RNF146/Iduna (28, 29) . PAR-dependent ubiquitylation by RNF146/Iduna depends on the allosteric activation of its RING domain via a major intramolecular conformational rearrangement upon PAR-binding (70) . Thus, reading the PAR signal can provide a switch that turns an inactive catalytic domain into an active one. The list of substrates for PAR-dependent ubiquitylation is growing, and it includes the regulator of Wnt/␤-catenin signaling axin (28, 29) , adaptor protein 3BP2 (32, 33) , and the DNA repair factors Ku70, XRCC1, DNA ligase III, PARP1 and PARP2 (68) . Whether the ubiquitin ligase activities of Deltex1, Deltex2 and Deltex4, involved in notch signaling, or of the HECT domain-containing ubiquitin E3 ligases HUWE1/Mule and TRIP12/ULF, both involved in genome integrity maintenance (71, 72) , are regulated by WWE domain-mediated PAR recognition remains to be investigated. Nevertheless, PAR-dependent ubiquitylation by PAR-targeted ubiquitin ligases (which, by analogy to STUbLs, could be dubbed PTUbLs) has emerged as one of the most exciting cellular functions of reading the PAR signal.
FHA and BRCT domains. FHA (Forkhead-associated) and BRCT (BRCA1 C-terminal) domains have been studied mainly as readers of phosphorylation marks and modulators of protein-protein interactions (73) . Recently, however, it was shown that FHA and BRCT domains also confer affinity to PAR (74) (75) (76) . Similar to phosphorylation, the PAR signal is negatively charged, which could mediate electrostatic interactions with the phosphor-binding pockets of FHA and BRCT domains. Interestingly, the FHA domains of APTX (Aprataxin) and PNKP (Polynucleotide kinase-3 -phosphatase) interact with iso-ADP-ribose, the structure also recognized by WWE domains, whereas the BRCT domains of DNA Ligase IV, XRCC1 and NBS1 recognize the ADP-ribosyl moiety within PAR (74, 75) . Also the BRCT domains of BARD1 (BRCA1-associated RING domain protein 1) have affinity for PAR and contribute to the recruitment of the BRCA1/BARD1 complex to DNA double-strand breaks (76) . The wave of DNA damageinduced PARylation might thus serve as a molecular trap to catch proteins required during subsequent stages of repair, and cooperate with additional modifications, such as the phosphorylation of H2AX by DNA damage response (DDR) kinases and the ensuing chromatin ubiquitylation, to ensure their sustained retention on the damaged chromatin.
RNA and DNA binding motifs. One of the most intriguing recent discoveries is that PAR can be recognized by protein motifs that are known to bind to RNA or DNA. This development gives rise to the notion that important cellular functions of PAR could reside in its early recognized similarity to other nucleic acids and its potential to outcompete The RRM. The RNA recognition motif (RRM) is one of the most abundant RNA binding domains with a broad spectrum of target RNAs and capable of recognizing multiple RNA sequences and structures. It is therefore not too surprising that also PAR as a nucleic acid-like molecule lacking sequence information can be recognized by RRMs. In the cellular context, where not only affinities matter but also the dynamic changes in local concentrations of available molecules to interact with, even relatively unspecific interactions can dynamically alter macromolecular assemblies and can therefore be relevant for cell function. Several examples of RRM-containing proteins, which assemble at sites of PAR formation to promote genome stability, exist, including proteins of the heterogeneous nuclear ribonucleoprotein (hnRNP) family (77, 78) , the RNA processing factors NONO and RBMX (79, 80) , and a growing number of transcription factors (81) . Since RNA and PAR can compete for the same binding proteins (79) , peaks in PAR levels may dynamically outcompete RNA binding and assemble various RNA-binding proteins at PARylation sites, including sites of genomic lesions.
SR repeats and KR-rich motifs.
Serine/Arginine repeats (SR repeats) are found in a second group of RNA-binding proteins, in particular in regulators of splicing, and several splicing factors were shown to interact with PAR, including ASF/SF2, SF3A1, SF3B1 and SF3B2 (43, 82) . The affinity for both RNA and PAR is likely to be mediated by the cluster of positive charges associated with the argininerich repeats, and electrostatic interaction with PAR therefore is a recurrent theme in reading the PAR signal. In line, PAR-binding was also observed for lysine-and argininerich (KR-rich) motifs present in the nucleosome remodeler dMi-2 (83).
The OB-fold. The oligonucleotiode/oligosaccharidebinding fold (OB-fold) is a 70-150 amino acid containing five-stranded beta-barrel with a terminating alpha-helix found in proteins that bind to single-stranded nucleic acids or oligosaccharides. Recent evidence suggests that, similar to the RNA-binding motifs discussed above, also the OBfold is a reader of PAR (84, 85) . The OB-fold recognizes the PAR-specific iso-ADP-ribose and this binding is required to bring the single-stranded DNA-binding protein SSB1 to sites of DNA damage (84) , as well as for the early recruitment of BRCA2 to DNA break sites (85) . Just like RNA and PAR, single-stranded DNA is a flexible polymer with free rotation around the phosphodiester backbone that links adjacent nucleotides, and its binding to OB-folds relies at least in part on electrostatic interactions, allowing for a dynamic competition between single-stranded DNA and PAR for OB-fold interactions.
PIN domains. PIN domains, named after the aminoterminus of the PilT protein (PilT N-terminus), are evolutionarily conserved single-stranded DNA-and RNArecognition domains with nucleolytic function, and represent the latest addition to the growing spectrum of PARbinding domains (86) . The PIN domains of EXO1, GEN1 and SMG5 recognize PAR with relatively high affinity (a dissociation constant of 200-300 nM was determined for the EXO1 PIN domain), and the PIN domain mediated interaction with PAR is required for the early recruitment of EXO1 to DNA break sites for efficient DNA end resection (86) . Together with the recent finding that the DNAbinding domains of many transcription factors contribute to their PAR-dependent recruitment to DNA damage sites (81) these data suggest that DNA-and PAR-binding are in fact overlapping features of a considerable number of proteins.
RG/RGG motifs. The RG/RGG motifs, regions rich in arginines (R) and glycines (G), also termed glycinearginine-rich (GAR) domains, are found in more than 1000 human proteins involved in numerous cellular functions, including DNA damage signaling, transcription and RNA processing (87) . The accumulation of positive charges not only confers affinity to RNA, but has recently also been shown to mediate interactions with PAR. This was first suggested by a study showing that the rapid recruitment of the nuclease MRE11 to genomic lesions was dependent on its GAR domain as well as on the formation of PAR (88) . Also the stress granule component G3BP1 binds PAR via its GAR domain, and the G3BP1-mediated stress granule assembly in response to genotoxic stress is impaired by PARP inhibition (43) . More recently, RGG-rich regions in the RNA-binding proteins FUS/TLS, EWS/EWSR1, TAF15, SAFB1, SAF-A and hnRNPUL1/2 were shown to be involved in the PAR-dependent assemble of these proteins at sites of DNA damage (81, (89) (90) (91) (92) (93) (94) . Extended RGG repeats, as observed in several RNA-binding proteins, can be regarded as low complexity domains, and, similar to the PBM, their structural flexibility combined with their positive charge may allow them to make multivalent electrostatic interactions with polydisperse PAR chains leading to PAR-nucleated multi-protein assemblies.
PAR-seeded liquid demixing
Interestingly, in the case of FUS/TLS, EWS/EWSR1 and TAF15, the 18-22 RGG repeats within the carboxylterminal half of the proteins are coupled to extended prionlike, aggregation-prone low complexity domains at the amino-termini of these proteins (95) . The high degree of low complexity sequences allows these proteins to undergo intracellular phase transitions and thereby demix from the soluble environment (96, 97) . Such liquid demixing by phase separation can dynamically re-organize the soluble intracellular space by generating membrane-less compartments (98, 99) . Interestingly, the nucleic acid-like polymer PAR can function as a molecular seed for the dynamic liquid demixing of these proteins at sites of DNA damage (95, 100) . While genomic lesions could be a prime trigger for PARseeded liquid demixing, we envision that dynamic, PARseeded compartmentalization might be a more common theme in PAR biology. Indeed, PAR-seeded phase separations may occur not only in response to DNA damage, but in a variety of cellular contexts in which PAR has been reported to initiate protein assemblies into membrane-less compartments. These include the formation of stress gran-ules (43, 101) , nucleoli (102, 103) , Cajal bodies (104), spliceosomes (105), viral stress granules (11) and transcriptosomes (106) . In the case of transcriptional regulation, phase separation of the low complexity domain-containing proteins FUS/TLS, EWS/EWSR1 and TAF15 at gene promoters was recently proposed to provide a landing platform for the low complexity carboxyl-terminal domain (CTD) of RNA Polymerase II (107) , and it is tempting to speculate that PAR formation could be the nucleation event that initiates this process at certain promoters. Thus, PAR reading not only involves the recruitment of enzymes and protein scaffolds to promote biochemical reactions, but also the assembly of proteins poised to undergo phase separation when reaching local threshold concentrations to alter the physicochemical environment and dynamically re-organize the subcellular space by PAR-seeded membrane-less compartmentalization (Figure 2 ).
Modifiers and erasers of poly(ADP-ribose)
The assembly of numerous cellular proteins at sites of PAR formation bears inherent risks. First, several PAR reader modules possess dual affinity for PAR and RNA/DNA, and--while cells may want to transiently assemble these proteins at sites of PARylation--it would be detrimental to stably sequester them away from their RNA or DNA targets. Second, while the PAR-seeded assembly of intrinsically disordered proteins with extended stretches of low complexity sequences can sub-divide the intracellular space through phase separation, it would be fatal if these delicate compartments turned into irreversible protein aggregates. Third, the generation of PAR is associated with the consumption of significant amounts of NAD + and has the potential to cause a cellular energy crisis by inhibiting glycolysis (108, 109) . For all these reasons, it is at least as important to terminate PAR signaling in a timely manner, as it is to trigger PAR formation in the first place. Several enzymes have been identified that can cleave PAR and remove ADP-ribose from modified proteins (8) . The most important enzyme for the degradation of chromatin-associated PAR is poly(ADP-ribose) glycohydrolase (PARG). PARG exhibits both exo-and endoglycohydrolase activity, with the latter being capable of generating protein-free PAR fragments, which can potentially serve as binding partners for various PAR readers (110, 111) . However, its predominant exo-glycohydrolase activity suggests that the primary mode how PARG degrades PAR is through sequential removal of ADP-ribose moieties from the distal end of the polymer (112) . Interestingly, although unrelated in amino acid sequence, the PARG catalytic domain has structural homology to PAR-binding macrodomains (113) , linking, from a structure-function point of view, reading of PARylation to modifying the PAR chain and erasing the polymer. PAR degradation requires accessibility of PAR chains, but whether certain PAR readers might constitute obstacles for PARG is largely unknown. Of note, PARG was described to be unable to hydrolize the protein-proximal ADP-ribose unit, potentially due to steric hindrance (113) (114) (115) . However, Nudix hydrolases (see below) and certain macrodomain-containing proteins, which have acquired catalytic activity, are capable of cleaving the protein-ADP-ribose bond. This group of macrodomain-containing erasers includes macrodomaincontaining protein 1 (macroD1/MDO1), macrodomaincontaining protein 2 (macroD2/MDO2) and terminal ADP-ribose glycohydrolase (TARG/C6orf130) (116) (117) (118) . While macroD1/MDO1 and macroD2/MDO2 act specifically only on mono-ADP-ribosylated substrates (116, 117) , TARG/C6orf130 was reported to remove PAR chains en bloc from target proteins and thereby release free PAR, which may be further processed or serve as a scaffold for PAR-binding proteins (118) . Interestingly, all three proteins show a preference for ADP-ribose attached to glutamic acid (116) (117) (118) . This, together with the notion that ADP-ribose attachment may occur on both acidic and basic residues, suggests that writers and erasers might have evolved distinct substrate specificities, and that therefore different classes of enzymes might exist to counteract the reaction product of a single class of PAR polymerases. Room remains for putative enzymes to be discovered that can remove ADPribose from basic residues. In addition to PARG and the macrodomain-containing enzymes, ADP-ribosylhydrolase 3 (ARH3), a member of a structurally distinct class of ADP-ribosylhydrolases, can also degrade PAR (8) . The major fraction of ARH3 is found in the cytoplasm, and consistent with its inability to cleave the last, protein-bound ADP-ribose, its physiological function could be the hydrolysis of free PAR chains released during apoptotic cell death (119) . More recently, Nudix hydrolases (Nucleoside diphosphate-linked moiety X hydrolases) emerged as new PAR processing enzymes, which can remove PAR and convert protein-bound ADP-ribose into ribose-5 -phosphate (R5P) marks, releasing phosphoribosyl-AMP (PRAMP) as byproduct (120) . Nudix hydrolases might thus counteract PARP activity both directly by PAR degradation and indirectly by generating products that may interfere with PARPdependent ADP-ribosylation and PAR chain elongation. The physiological relevance of the R5P modification and whether enzymes exist to revert it is currently not known.
From recent biochemical, structural and in vivo work it has become clear that the importance of processing and erasing PAR chains is at least equal to the importance of generating PAR, and that multiple enzymes, which combine PAR-recognition and PAR-degradation within their structures, are involved in limiting PAR production and ensuring its timely removal.
Targeting PARylation in human diseases
Inhibitors against the writers of PAR have been available for many years, and these compounds gained widespread attention when it was found that PARP inhibition specifically kills cancer cells with defects in the homologous recombination (HR) DNA repair pathway (121, 122) . The synthetic lethality conferred by PARP inhibition in HRdefective cancer cells has sparked a variety of pre-clinical and clinical trials, and in 2014 the U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA) approved the PARP inhibitor Olaparib as a therapy against HR-compromised cancers. While the last decade has seen promising attempts to extend the spectrum of cancers that may respond to PARP inhibition beyond the orig- inally characterized BRCA1-and BRCA2-deficient cancer cells, also the first resistance mechanisms appeared. These include loss of PARP protein expression, up-regulation of the P-glycoprotein multidrug efflux pump, and restoration of HR function--either by re-activating mutations in the BRCA1/2 genes, or by loss of components of the competing non-homologous end-joining (NHEJ) pathway (123) . Nevertheless, PARP inhibition continues to be a promising avenue in targeted cancer therapies based on the concept of synthetic lethality, and we may expect the spectrum of cancers that respond well to PARP inhibition to grow further, but also anticipate the appearance of additional resistance mechanisms that have to be considered when designing treatment regimens.
While the use of PARP inhibitors in cancer has advanced quickly during the last decade, the limited toxicity and good tolerability together with the broad spectrum of cellular processes regulated by PARylation make PARP inhibitors candidate drugs to treat also non-oncologic human diseases. Indeed, clinical potential has been described in disease settings related to cardiovascular dysfunction and inflammation (124) (125) (126) . Moreover, efforts to further improve PARP inhibitors and make these compounds more specific toward single PARP family members have led to the notion that besides PARP1 and PARP2 also the tankyrases and potentially other ARTD family members might be promising targets in certain medical conditions including cancer (127) (128) (129) . In addition to the inhibition of PAR writers, the development of potent, cell-permeable inhibitors of PAR erasers, in particular of PARG, has become an active field of research (130, 131) . Given the delicate and highly dynamic balance between PAR formation and its degradation, PARG inhibitors might have therapeutic potential in settings in which PAR metabolism is deregulated, or in which impaired PAR degradation and the ensuing adverse effects on genome maintenance and survival would be clinically beneficial. Indeed, PARG is required to prevent detrimental accumulation of PAR upon prolonged replicative stress, and cells lacking PARG activity are hypersensitive to the replication inhibitor hydroxyurea (132) , suggesting that PARG inhibition might synergize with chemotherapeutic approaches aimed at deliberately enhancing replication stress in cancer cells.
While targeting the writers and erasers of PARylation continues to be a promising avenue, little attention has been given to the possibility of targeting the readers of PARylation, despite the fact that many PAR functions are closely linked to non-covalent interactions between PAR-binding proteins and the anionic polymer. Although it might be challenging to design compounds that target the interface between PAR and PAR-binding proteins, in particular where structural information is still missing, promising examples exist in other areas of chromatin biology and provide a paradigm that PTM readers can be efficiently targeted, for instance in the case of epigenetic readers of the bromodomain and extra-terminal (BET) protein family (133) . The disruption of interactions between PTMs and their readers could have significant, largely unexploited therapeutic potential. In particular with regard to PAR signaling, it might allow for the inhibition of sub-groups of PAR readers from binding to the polymer scaffold and thereby confer a higher level of specificity as compared to blocking PARP enzymes. Given that different PAR reader modules have evolved to perform specific cellular functions, targeting them individually or in sub-groups rather than abolishing PAR formation altogether may have a clear therapeutic potential. It may also help dissect different PAR functions and how they relate to different classes of PAR binders. For instance, specifically blocking genome caretakers from interacting with PAR at sites of DNA damage may compromise repair efficiency and result in synthetic lethal conditions, whereas blocking intrinsically disordered proteins from PAR-seeded self-assembly might decelerate their aggregation in certain pathological conditions. Mutations in these PAR-responsive proteins can enhance their aggregation propensity, thereby increasing the risk of turning dynamic, PAR-seeded phase transitions into irreversible aggregates that can compromise cell function (95, 100) . Likewise, deregulated PAR metabolism can result in pathologic PAR accumulation and cause fatal neurodegeneration (118, 134, 135) . PARP activation and PAR formation have also been implicated in the onset of Alzheimer´s disease (136) . Such neurodegenerative disease-associated changes in writing, reading and erasing PARylation provide a rationale to test whether targeting PARylation by enzyme inhibitors or by yet to be developed competitive inhibitors of PAR-binding may have a clinical potential in neurodegenerative disorders.
CONCLUDING REMARKS
Due to the many facets of PAR biology and its relevance for human health and disease, significant attention has been attributed to the identification and characterization of writers, modifiers and erasers of this unusual PTM. Moreover, it was realized that reading the PAR signal by PAR-binding proteins constitutes a major aspect of PAR biology. Indeed, non-covalent interactions with PAR can drive the dynamic re-localization and site-specific assembly of hundreds of proteins, including many DNA repair factors, chromatin remodelers, histone variants, transcription factors and RNA processing factors. In light of the large number and functional diversity of proteins responsive to PAR signaling, unifying concepts may help us grasp this ever-increasing complexity. While certain PAR reader modules seem to possess highly specific PAR-binding folds, which recognize defined biochemical structures present in PAR, e.g. PBZ, WWE, and macrodomains, other reader modules seem to comprise sequence elements, which confer affinity to PAR, but which may also allow for interactions with nucleic acids or other PTMs. Examples include the PBM, FHA and BRCT domains, RRM, RG/RGG, SR and KR repeats, as well as OB-folds and PIN domains. Their structural and chemical properties enable them to undergo electrostatic, often multivalent interactions with PAR chains, which can cooperate to reach nanomolar affinities. In silico analyses of the human proteome as performed previously to identify PBMs (42) and RG/RGG motifs (87), combined with mass-spectrometric identification of PAR-associated complexes and their dynamics as well as in vitro affinity measurements will help to quantitatively define PAR-mediated protein assemblies under various cellular conditions. The tight control of PAR levels through context-dependent regulation of PARP enzymes as well as the rapid PAR turnover by erasers make this nucleic-acid like modification ideally suited to transiently outcompete other interactions in order to dynamically re-organize the soluble intracellular space. Consistent with PAR being able to outcompete proteinnucleic acid and protein-PTM interactions, non-consensus binding sites in highly expressed RNAs can compete efficiently with high-affinity consensus sequences in RNAs expressed at lower levels (137) . Thus, rather than viewing interactions as either specific or nonspecific, it is necessary to realize that proteins possess affinity to a range of potential interaction partners and that dynamic changes in their relative availability determines which types of interactions manifest at any given time. Similar to highly expressed RNAs with low-affinity non-consensus binding sites, PAR could be regarded as an inducible nucleic acid-mimicking scaffold that lacks sequence information but is nevertheless able to transiently trap and sequester dozens to hundreds of proteins at sites of PARylation. This dynamic re-organization of multi-protein assemblies involves the phase separation of low complexity domain-containing proteins, and it is tempting to speculate that various aspects of cellular PAR functions are closely linked to PAR-seeded compartmentalization and the accompanying changes in the physicochemical environment. In this regard, PAR would share many features with RNAs as structural elements that control the biogenesis of nuclear bodies (138) , closing the circle to the first description of PAR in 1963 as a polyadenylic acid (5) .
